Final  Report 


Title:  Exploration  of  New  Principles  in  Spintronics 
Based  on  Spin  Hall  Insulators 

AFOSR/AOARD  Reference  Number:  AOARD  08-4099 
AFOSR/AOARD  Program  Manager:  Gregg  H.  Jessen,  Ph.D. 

Period  of  Performance:  12  June  2008-  11  June  2010 

Submission  Date:  11  June  2010 


PI:  Yoicbi  Ando,  Professor,  Institute  of  Scientific  and  Industrial  Research  (ISIR),  Osaka  University 

8-1  Mihogaoka,  Ibaraki,  Osaka  567-0047,  Japan 
Tel:  -^81-6-6879-8440  /  Fax:  -^81-6-6879-8444 


Report  Documentation  Page 


Form  Approved 
0MB  No.  0704-0188 


Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 
VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  0MB  control  number. 


1.  REPORT  DATE 

13  JUL  2010 


2.  REPORT  TYPE 

Final 


4.  TITLE  AND  SUBTITLE 

Exploration  of  New  Principles  in  Spintronics  Based  on  Spin  Hall 
Insulators 


6.  AUTHOR(S) 

Yoichi  Ando 


7.  PEREORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Osaka  University ,8-1  Mohogaoka,  Ibaraki, Osaka,  Japan,JP,567-0047 


3.  DATES  COVERED 

12-06-2008  to  11-06-2010 

5a.  CONTRACT  NUMBER 

FA23860814099 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

N/A 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Asian  Office  of  Aerospace  Research  &  Development,  (AOARD),  Unit 
45002,  APO,  AP,  96338-5002 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 

AOARD 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

AOARD-084099 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

This  project  aimed  to  explore  new  avenues  of  the  spintronics  to  utilize  the  intrinsic  and  dissipationless  spin 
current  that  is  expected  to  flow  in  spin  Hall  insulators.  During  the  grant  period,  the  primary  objective  was 
to  elucidate  the  basic  physics  of  candidate  insulators.  In  addition,  we  investigated  the  nature  of  quantum 
spin  Hall  insulator,  which  is  a  quantum-mechanically  new  sate  of  matter  where  an  insulating  bulk  supports 
an  intrinsically  metallic,  spin-polarized  surface  state.  Our  long-term  objective  is  to  develop  new  principles 
for  spintronics  devices  with  minimal  energy  dissipation,  based  on  the  fundamental  understanding  of  those 
novel  materials. 


15.  SUBJECT  TERMS 

Physics,  Spintronics,  Magnetic  materials.  Quantum  Spin  Hall  insulator 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

18.  NUMBER 

19a.  NAME  OE 

ABSTRACT 

OF  PAGES 

RESPONSIBLE  PERSON 

a.  REPORT 

unclassified 

b.  ABSTRACT 

unclassified 

c.  THIS  PAGE 

unclassified 

Same  as 
Report  (SAR) 

10 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


Objectives: 

This  project  aimed  to  explore  new  avenues  of  the  spintronics  to  utilize  the  intrinsic  and  dissipationless  spin 
current  that  is  expected  to  flow  in  spin  Hall  insulators.  During  the  grant  period,  the  primary  objective  was  to 
elucidate  the  basic  physics  of  candidate  insulators.  In  addition,  we  investigated  the  nature  of  quantum  spin  Hall 
insulator,  which  is  a  quantum-mechanically  new  sate  of  matter  where  an  insulating  bulk  supports  an 
intrinsically  metallic,  spin-polarized  surface  state.  Our  long-term  objective  is  to  develop  new  principles  for 
spintronics  devices  with  minimal  energy  dissipation,  based  on  the  fundamental  understanding  of  those  novel 
materials. 

Status  of  effort: 

I.  Quantum  spin  Hall  insulator: 

1)  We  have  established  a  method  to  grow  very  high  quality  single  crystals  of  Bii.xSbx,  which  had  been 
theoretically  proposed  to  be  a  quantum  spin  Hall  insulator  for  the  composition  range  of  0.07  <  x  <  0.22  where 
the  bulk  energy  gap  opens.  Taking  advantage  of  our  top-notch  crystals,  we  have  succeeded  in  observing  two- 
dimensional  Fermi  surfaces  through  quantum  oscillations  for  the  first  time,  which  demonstrates  that  this 
material  indeed  has  very  peculiar  surface  states  [paper  #1]. 

2)  We  have  elucidated  the  intrinsic  spin  current  in  the  surface  state  of  Bii.xSbx  by  using  a  spin-  and  angle- 
resolved  photoemission  spectroscopy  [paper  #2]. 

3)  We  have  discovered  unusual  angular-dependent  magnetoresistance  oscillations  in  Bii.xSbx.  This  unusual 
phenomenon  is  a  novel  manifestation  of  the  surface  state  [paper  #5]. 

4)  Bi2Se3  is  a  “2nd-generation”  quantum  spin  Hall  insulator.  We  have  succeeded  in  growing  low-carrier- 
density  Bi2Se3  single  crystals  in  the  10  cm'  range.  Using  our  crystals,  we  have  elucidated  the  anisotropy  of 
its  bulk  Fermi  surface  in  the  low-carrier-density  regime  [paper  #41.  We  have  also  grown  low-carrier-density 
single  crystals  of  Bi2Te3,  which  is  another  “2nd  generation”  quantum  spin  Hall  insulator,  in  the  10  cm'  range. 
We  are  currently  developing  methods  to  reduce  the  carrier  density  down  to  the  10^®  cm'^  level. 

5)  We  are  making  efforts  to  fabricate  devices  to  directly  probe  the  surface  spin  currents  in  Bii.xSbx  and  Bi2Se3 
through  transport  experiments.  So  far,  we  have  identified  AI2O3  as  the  most  suitable  material  for  the  insulation 
layer,  and  have  elucidated  the  optimal  deposition  condition  for  ferromagnetic  contacts. 

II.  Intrinsic  spin  Hall  insulator: 

1)  We  have  successfully  grown  high-quality  single  crystals  of  PbS,  a  candidate  material  for  the  intrinsic  spin 
Hall  insulator,  and  controlled  the  polarity  and  the  density  of  its  charge  carriers. 

2)  Using  the  PbS  crystals  with  the  carrier  concentration  in  the  lO'^  cm'^  range,  we  discovered  an  unusual  peak 
effect  in  the  angular-dependent  magnetoresistance.  The  mechanism  of  this  novel  effect  is  currently  unknown, 
but  it  is  most  likely  associated  with  the  static  skin  effect  and  the  spin-orbit  coupling  [paper  #3]. 

Abstract: 

I.  Research  on  Quantum  spin  Hall  insulators: 

Quantum  spin  Hall  insulator  (QSHI),  which  is  also  called  topological  insulator,  is  a  new  state  of  matter  where 
an  insulating  bulk  state  supports  an  intrinsically  metallic,  spin-filtered  surface  state  that  is  “topologically 
protected”.  Recently,  QSHI  is  allracling  a  lol  of  attention  not  only  for  its  fundamental  novelty,  but  also  for  its 
potential  impact  on  future  spintronics  as  well  as  quantum  computations.  So  far  three  materials,  Bii.xSbx,  Bi2Se3, 
and  Bi2Te3,  have  been  confirmed  to  be  QSHIs  by  angle-resolved  photoemission  spectroscopy  (ARPES). 

During  the  course  of  this  project,  we  have  grown  very  high  quality  single  crystals  of  Bii.xSbx  and  made  the 
first  observation  of  quantum  oscillations  originating  from  the  surface  state  in  question,  confirming  its 
macroscopic  robustness  which  is  a  prerequisite  for  applications.  Since  it  is  a  common  sense  in  surface  physics 
that  conducting  surface  states  are  very  fragile  against  disturbances  such  as  adsorption,  the  fact  that  a  native 
surface  state  of  a  bulk  material  can  be  unambiguously  seen  by  transport  and  magnetization  in  ambient 
atmosphere  is  surprising,  and  this  unusual  result  immediately  signifies  the  unique  properties  of  the  surface 
states  of  QSHIs.  We  have  also  determined  for  Ihe  firsi  lime  the  complete  spin-polarized  surface  band  structure 
of  Bii.xSbx,  which  is  a  spectroscopic  elucidation  of  the  intrinsic  spin  current  in  QSHI. 

IT  Research  on  Infrinsic  spin  Hall  insulators: 


Recently,  narrow-gap  semiconductors  with  a  strong  spin-orbit  coupling  (SOC)  are  playing  an  important  role  in 
the  condensed  matter  physics,  because  topological  insulators  are  found  in  this  family  of  materials.  While  the 
topological  insulators  are  currently  under  intense  investigations,  the  roles  of  the  strong  spin-orbit  coupling  in 
the  magnetotransport  properties  are  not  well  understood  even  in  “non-topological”  materials.  In  this  context, 
we  have  made  detailed  magnetotransport  studies  of  PbS,  which  is  a  non-topological  member  of  the  above- 
mentioned  family  and  is  predicted  to  be  an  intrinsic  spin  Hall  insulator .  We  have  discovered  anomalous 
angular-dependent  magnetoresistance  which  points  to  the  existence  of  a  hitherto-overlooked  effect  in  this 
family  of  materials.  It  is  likely  to  be  a  manifestation  of  an  intricate  interplay  between  the  SOC  and  the 
conducting  surface  layers  in  the  quantum  transport  regime.  This  discovery  would  help  establish  a  general 
understanding  of  the  magnetotransport  in  narrow-gap  semiconductors  with  a  strong  SOC,  which  is  necessary 
for  elucidating  the  peculiar  transport  properties  of  topological  insulators. 
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Spin-Orbit  Coupling  and  Anomalous  Angular-Dependent  Magnetoresistance  in  the 

Quantum  Transport  Regime  of  PbS 

Kazuma  Eto,  A.  A.  Taskin,  Kouji  Segawa,  and  Yoichi  Ando 
Institute  of  Scientific  and  Industrial  Research,  Osaka  University,  Iharaki,  Osaka  567-0047,  Japan 

We  measured  magnetotransport  properties  of  PbS  single  crystals  which  exhibit  the  quantum  linear 
magnetoresistance  (MR)  as  well  as  the  static  skin  effect  that  creates  a  surface  layer  of  additional 
conductivity.  The  Shubnikov-de  Haas  oscillations  in  the  longitudinal  MR  signify  the  peculiar  role  of 
spin-orbit  coupling.  In  the  angular-dependent  MR,  sharp  peaks  are  observed  when  the  magnetic  field 
is  slightly  inclined  from  the  longitudinal  configuration,  which  is  totally  unexpected  for  a  system  with 
nearly  spherical  Fermi  surface  and  points  to  an  intricate  interplay  between  the  spin-orbit  coupling 
and  the  conducting  surface  layer  in  the  quantum  transport  regime. 

PACS  numbers:  72.20.My,  71.18.+y,  73.25.-l-i,  75.47.-m 


I.  INTRODUCTION 

Recently,  non-trivial  consequences  of  the  spin-orbit 
coupling  (SOC)  in  crystalline  solids  are  a  major  theme 
in  condensed  matter  physics^.  For  example,  the  spin 
Hall  effect  is  a  striking  manifestation  of  the  SOC 
in  non-magnetic  materials^,  and  the  SOC  in  non- 
centrosymmetric  superconductors  gives  rise  to  an  uncon¬ 
ventional  order-parameter  symmetry^.  Even  more  strik¬ 
ingly,  it  was  recognized  that  a  certain  class  of  narrow- 
gap  semiconductors  where  the  energy  gap  is  a  product  of 
the  SOC  are  topological  insulators,  whose  valence  band 
structures  is  characterized  by  a  non-trivial  Z2  topologi¬ 
cal  invariant The  three-dimensional  topological  insu¬ 
lators  host  helically  spin-polarized  surface  states  and  are 
predicted  to  exhibit  various  novel  phenomena^^^^.  Af¬ 
ter  the  discovery  of  the  topological-insulator  nature  in 
Bii_2,Sb2,,  Bi2Se3,  and  Bi2Te3  (Refs.  12-15),  those  three 
materials  are  under  intense  investigations. 

In  this  context,  the  narrow-gap  semiconductor  PbS 
would  make  a  useful  comparison,  because  its  energy  gap 
is  due  to  a  strong  SOC  but  its  valence  band  structure 
lends  itself  to  the  trivial  Z2  topological  class®;  namely, 
PbS  is  a  non-topological  insulator.  Nevertheless,  this 
material  may  be  called  an  “incipient”  spin  Hall  insulator, 
since  the  energy  gap  of  the  SOC  origin  in  PbS  causes  a 
large  Berry  phase  in  the  Bloch  states  and  leads  to  a  finite 
intrinsic  spin  Hall  conductivity  cr^  even  in  the  insulating 
state^®.  Therefore,  the  role  of  the  SOC  in  the  transport 
properties  of  this  material  is  worth  investigating  with  the 
modern  understanding. 

PbS  has  a  rock  salt  crystal  structure  and  has  a  di¬ 
rect  energy  gap  of  about  0.3  eV  located  at  the  four 
equivalent  L  points  of  the  Brillouin  zone^^.  Depending 
on  whether  S  is  excessive  or  deficient,  both  p-  and  n- 
type  PbS  can  be  prepared,  and  in  both  cases  the  Fermi 
surface  (FS)  is  very  nearly  sphericaR^’^®.  This  mate¬ 
rial  was  well  studied  in  the  past  for  its  potential  in  the 
infrared  applications^^.  More  recently,  PbS  is  attract¬ 
ing  attentions  in  the  photovoltaic  community  because 
of  the  multi-exiton  generation^®.  Here,  we  report  our 
detailed  study  of  the  magnetoresistance  (MR)  in  low- 


carrier-density  PbS,  focusing  on  its  angular  dependence. 
To  our  surprise,  we  observed  sharp  peaks  in  the  angular- 
dependent  MR  in  high  magnetic  fields,  which  is  totally 
unexpected  for  a  three-dimensional  (3D)  material  with  a 
small  spherical  FS.  Although  the  exact  mechanism  of  this 
anomalous  behavior  is  not  clear  at  the  moment,  our  data 
points  to  an  important  role  of  the  SOC  in  the  quantum 
transport  regime.  In  addition,  the  formation  of  a  sur¬ 
face  layer  with  additional  conductivity  due  to  skipping 
orbits  (called  “static  skin  effect”®®)  appears  to  be  also 
playing  a  role  in  the  observed  angular  dependence.  The 
unexpected  angular-dependent  MR  points  to  a  hitherto- 
overlooked  effect  that  could  become  important  in  the 
magnetotransport  properties  of  narrow-gap  semiconduc¬ 
tors  with  a  strong  SOC. 


II.  EXPERIMENTAL  DETAILS 

High-quality  single  crystals  of  PbS  were  grown  by  a 
vapor  transport  method  from  a  stoichiometric  mixture 
of  99.998%  purity  Pb  and  99.99%  purity  S.  The  mixture 
was  sealed  in  an  evacuated  quartz  tube  and  was  reacted 
for  5  -  10  h  at  980°C.  After  the  reaction,  the  resulting 
material  was  vaporized  and  transported  to  the  other  end 
of  the  sealed  tube  by  making  a  large  temperature  differ¬ 
ence,  which  worked  as  a  purification  stage.  The  obtained 
polycrystals  were  taken  out  and  again  sealed  in  a  new 
evacuated  quartz  tube  for  the  crystal  growth  stage:  The 
polycrystal-containing  end  of  the  tube  was  kept  at  850°C, 
and  sublimed  PbS  was  transported  to  the  other  end  kept 
at  840°  C  for  one  week.  The  obtained  single  crystals  were 
annealed  in  sulfur  vapor  to  tune  the  type  and  the  den¬ 
sity  of  carriers,  during  which  the  crystal  temperature  and 
the  sulfur  vapor  pressure  were  controlled  independently. 
We  have  prepared  a  series  of  samples  with  various  carrier 
density  as  shown  in  Fig.  1.  In  the  following  we  focus  on 
a  p-type  sample  with  the  carrier  density  Uh  of  4.8x10^^ 
cm“®,  which  was  obtained  by  annealing  the  crystal  at 
533°  C  with  the  sulfur  vapor  source  kept  at  90°  C. 

The  resistivity  pxx  and  the  Hall  resistivity  pyx  were 
measured  simultaneously  by  using  a  standard  six-probe 
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FIG.  1:  (Color  online)  Temperature  dependence  of  p^x  for  a 
series  of  p-type  PbS  single  crystals,  whose  is  indicated  on 
the  right.  Inset  shows  tanau  vs  B  for  the  4.8x10^^  cm“^ 
sample,  which  exhibits  a  deviation  from  the  classical  linear 
behavior  (shown  by  the  solid  straight  line)  and  a  saturation 
above  4  T  in  the  quantum  transport  regime;  the  low-field 
slope  is  equal  to  pn  and  gives  4.5x10"^  cm^/Vs. 


FIG.  2:  (Color  online)  Transverse  MR  at  1.5  K  with  B  along 
[001].  The  straight  lines  are  the  background  linear  MR,  on  top 
of  which  pronounced  SdH  oscillations  are  superimposed.  Inset 
shows  the  B^  dependence  observed  in  the  low-field  classical 
regime  {pnB  <  1)  and  its  fitting  (thin  solid  line). 


method  on  a  thin  rectangular  sample  whose  top  and  bot¬ 
tom  surfaces  were  cleaved  (001)  plane.  The  current  / 
was  always  along  the  [100]  direction.  The  Shubnikov-de 
Haas  (SdH)  oscillations  were  measured  by  sweeping  the 
magnetic  field  B  between  -1-14  and  -14  T  for  a  series  of 
field  directions.  Continuous  rotations  of  the  sample  in 
constant  magnetic  fields  were  used  for  measuring  the  an¬ 
gular  dependence  of  the  MR,  in  which  the  direction  of 
the  magnetic  field  B  was  either  [001]  — >  [010]  (transverse 
geometry)  or  [001]  ^  [100]  (transverse  to  longitudinal 
geometry) . 

III.  RESULTS  AND  DISCUSSIONS 
A.  Magnetoresistance  and  SdH  Oscillations 

Figure  2  shows  the  transverse  MR  measured  at  1.5  K 
with  B  along  [001].  Pronounced  SdH  oscillations  are 
clearly  seen,  and  one  may  notice  that  the  background 
MR  does  not  show  the  ordinary  B^  dependence.  This 
is  because  the  range  of  the  weak-field  regime  {puB  < 
1),  where  the  B^  dependence  is  observed,  is  extremely 
narrow  in  our  sample,  as  shown  in  the  inset  of  Fig.  2 
(/th  is  the  Hall  mobility).  It  is  worth  noting  that  our 
sample  shows  a  nearly-R-linear  background  MR  in  the 
strong- field  regime  {puB  >  1),  rather  than  a  tendency 
to  saturation  which  is  usually  observed  in  metals.  This 
high-held  behavior  is  the  so-called  “quantum  linear  MR” 
proposed  by  Abrikosov^^.  Such  a  behavior  is  expected 
in  the  quantum  transport  regime  where  the  condition 
Uh  <  (eBlhc)^^^  is  satished^^,  and  in  our  sample  this 
regime  is  realized  for  H  >  4  T.  In  this  sense,  our  PbS 
presents  a  straightforward  realization  of  the  quantum  lin¬ 
ear  MR  and  is  different  from  Ag2+5Se  or  Ag2+5Te  where 


the  linear  MR  is  observed  down  to  very  low  held^^. 

The  SdH  oscillations  measured  in  the  transverse  {B  T 
I)  and  longitudinal  {B  ||  I)  MR  are  presented  in  Fig.  3 
by  plotting  dpxx/dB  vs  1/B.  One  can  see  that  we  are 
resolving  the  spin-splitting  of  the  Landau  levels  in  high 
magnetic  helds  and  that  the  crossing  of  the  0“  state  by 
the  Fermi  level  is  observed  (see  the  lower  left  inset  of  Fig. 
3  for  the  Landau  level  diagram);  this  means  that  all  the 
electrons  are  in  the  0+  state  in  the  highest  field  (14  T) 
and  hence  the  system  is  in  the  quantum  limit.  Also,  one 
may  notice  that  the  amplitude  of  some  particular  peaks, 
0“,  I"*",  and  2~^,  are  significantly  diminished  in  the  lon¬ 
gitudinal  configuration  {B  ||  I)  compared  to  the  trans¬ 
verse  one  where  all  the  peaks  are  well  developed.  Such  a 
behavior  was  previously  observed  in  Hgi_3;Cda;Te  (Ref. 
22)  and  in  Pbi_2;Sn2,Te  (Ref.  23),  and  was  elucidated 
to  be  due  to  some  selection  rules^^  imposed  by  the  SOC 
which  prohibits  scattering  between  certain  Landau  sub- 
levels  in  the  longitudinal  configuration.  Besides  this  pe¬ 
culiar  difference,  the  peak  positions  are  almost  the  same 
for  the  two  field  directions,  which  is  because  the  FS  in 
PbS  is  nearly  spherical^^’^®.  Also,  the  cyclotron  mass  rric 
extracted  from  the  temperature  dependence  of  the  SdH 
amplitude  (lower  right  inset)  using  the  Lifshitz-Kosevich 
formula^"^  is  identical  for  the  two  directions. 

The  carrier  density  Ufi  calculated  from  the  FS  volume 
seen  by  the  SdH  oscillations  is  4.8x10^^  cm“^,  which 
agrees  well  with  the  value  of  Uh  =  4.6x10^^  cm“^  ob¬ 
tained  from  the  high-held  Hall  coefficient  Rhoo-  It  is 
worth  noting  that  the  Hall  mobility  /th  calculated  from 
Rhcx>  and  pxx  at  0  T  is  4.5x10^  cm^/Vs,  while  the  mo¬ 
bility  psdH  obtained  from  the  SdH  oscillations  is  only 
3.8x10^  cm^/Vs  (Ref.  25).  This  discrepancy  is  essen¬ 
tially  due  to  the  fact  that  pxx  and  the  Dingle  temperature 
To  (smearing  factor  in  the  SdH  effect^"^)  are  determined 
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FIG.  3:  (Color  online)  SdH  oscillations  in  the  transverse  {B  _L 
I)  and  longitudinal  {B  ||  I)  MR  at  1.5  K.  Upper  inset  shows 
the  raw  data,  and  the  main  panel  presents  dpxx/dB  vs  1/B. 
In  the  “B  ||  7”  measurement,  the  magnetic  field  was  8°  off 
from  the  exactly  parallel  direction.  Lower  left  inset  shows  the 
schematic  Landau  level  diagram.  Lower  right  inset  shows  the 
temperature  dependence  of  the  normalized  SdH  amplitude, 
which  yields  rric  =  0.14me  (me  is  the  free  electron  mass). 


by  different  scattering  processes;  namely,  p^x  is  primar¬ 
ily  determined  by  the  backward  scattering,  while  To  is 
sensitive  to  both  forward  and  backward  scattering^^’^®. 
Apparently,  only  small-angle  scatterings  are  relevant  in 
high-mobility  PbS,  which  leads  to  the  12  times  difference 
between  /th  and  /isuH- 


B.  Angular  Dependence  of  Magnetoresistance 

Now  let  us  present  the  most  surprising  result.  The 
angular-dependent  MR  for  the  transverse-to-longitudinal 
rotation  (7  was  along  [100]  and  B  was  rotated  from  [001] 
toward  [100])  is  shown  in  Fig.  4(a),  and  the  correspond¬ 
ing  angular  dependence  of  pyx  is  shown  in  Fig.  4(b)  (the 
magnetic-field  angle  9  is  measured  from  [001]).  In  Fig. 
4(a),  pronounced  peaks  are  observed  when  9  is  near  90°, 
that  is,  when  the  magnetic  field  is  slightly  inclined  from 
the  longitudinal  configuration.  The  9  dependence  of  pyx 
also  shows  a  feature  near  90°,  which  can  be  more  easily 
seen  in  the  upper  inset  of  Fig.  4(b)  where  the  deviation 
of  the  measured  Pyx{9)  from  a  smooth  cos,  9  dependence 
is  plotted  together  with  the  Pxx{9)  data  (which  is  mul¬ 
tiplied  by  0.3).  One  can  easily  see  in  this  inset  that  the 
sharp  peak  occurs  in  both  pxx  and  Pyx  at  the  same  9\  in 
addition,  Pyx{9)  apparently  shows  periodic  oscillations  in 
a  wide  range  of  9,  whose  relation  to  the  sharp  peak  is  not 
obvious.  In  any  case,  given  that  the  FS  in  PbS  is  nearly 
spherical  and  that  they  cannot  give  rise  to  any  open  or¬ 
bit,  such  a  sharp  peak  in  the  angular-dependent  MR  is 
totally  unexpected. 

To  gain  insight  into  the  origin  of  the  unexpected  peak 


FIG.  4:  (Golor  online)  Angular-dependence  of  (a)  pxx  and 
(b)  Pyx  for  the  transverse-to-longitudinal  rotation  (top  inset 
shows  the  geometry).  In  panel  (b),  the  upper  inset  com¬ 
pares  the  deviation  of  Pyxifi)  from  the  cos  9  dependence  to 
pxx{d)  multiplied  by  0.3,  while  the  lower  inset  shows  how  the 
anomalous  peaks  weaken  with  temperature  (data  are  verti¬ 
cally  shifted  for  clarity). 


in  Pxx{9),  the  angular-dependent  MR  data  in  a  different 
rotation  plane  is  useful.  Figure  5  shows  such  data  for 
the  transverse  rotation  (7  was  along  [100]  and  B  was  ro¬ 
tated  from  [001]  toward  [010]).  As  one  can  see  in  Fig.  5, 
there  is  no  sharp  peak  in  this  configuration,  which  imme¬ 
diately  indicates  that  the  unexpected  peaks  are  peculiar 
to  the  near-longitudinal  configuration.  Besides  the  ab¬ 
sence  of  the  sharp  peaks,  there  is  a  notable  feature  in 
Fig.  5:  Since  PbS  has  a  cubic  symmetry,  the  MR  for 
9  =  0°  {B  along  [001])  and  90°  {B  along  [010])  should 
be  the  same,  since  [001]  and  [010]  are  crystallographi- 
cally  identical  and  the  measurement  configuration  is  both 
transverse.  However,  the  actual  data  in  Fig.  5  indicates 
that  they  are  different,  which  suggests  that  there  must 
be  some  additional  factor  which  affects  the  resistivity  in 
magnetic  field.  In  the  past,  similar  anisotropy  was  ob- 
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FIG.  5:  (Color  online)  Angular-dependence  of  (a)  pxx  and  (b) 
Pyx  for  the  transverse  rotation  (inset  shows  the  geometry). 
The  Pxx  data  shown  here  are  after  removing  the  admixture  of 
the  pyx  component  in  the  pxx  measurement. 

served  in  clean  specimens  of  low-carrier-density  materials 
such  as  Bi  (Ref.  27)  and  Sb  (Ref.  28),  and  was  explained 
in  terms  of  the  static  skin  efFect^°,  that  is,  the  forma¬ 
tion  of  a  surface  layer  of  additional  conductivity  due  to 
skipping  orbits  when  the  magnetic  field  is  nearly  parallel 
to  a  specular  surface.  In  this  regard,  since  the  top  and 
bottom  surfaces  of  our  sample  were  cleaved  (001)  plane, 
it  is  understandable  that  the  static  skin  effect  creates  a 
surface  conduction  layer  near  the  specular  (001)  surface 
for  the  magnetic  field  along  [010],  leading  to  a  reduced 
resistivity. 

An  additional  factor  to  consider  regarding  the  MR 
anisotropy  in  the  present  case  is  the  SOC  which  dimin¬ 
ishes  some  of  the  peaks  in  the  SdH  oscillations  for  B  \\  I. 
In  fact,  as  one  can  infer  in  the  upper  inset  of  Fig.  3,  the 
change  in  the  SdH  oscillations  due  to  the  SOC  is  partly 
responsible  for  the  difference  in  MR  between  B  _L  /  and 
B  II  /.  Another  factor  to  consider  is  the  crossover  be¬ 
tween  classical  and  quantum  transport  regimes:  As  we 
already  discussed,  the  quantum  regime  is  arrived  above 
4  T  in  the  transverse  configuration.  (This  crossover  can 
also  be  seen  in  the  B  dependence  of  tanon,  which  is  lin¬ 
ear  in  B  in  the  classical  regime  but  saturates  in  the  quan¬ 
tum  regime^®,  see  Fig.  1  inset.)  On  the  other  hand,  in 
the  longitudinal  configuration,  the  electron  motion  along 
the  current  direction  is  not  quantized,  and  therefore  pxx 
for  B  II  /  is  always  “classical”.  This  means  that  in  our 
measurement  in  high  magnetic  fields,  there  is  a  crossover 
from  the  classical  to  the  quantum  regime  when  the  con¬ 
figuration  changes  from  longitudinal  to  transverse.  Since 
the  MR  behavior  is  different  in  the  two  regimes,  this 
crossover  must  be  partly  responsible  for  the  observed  MR 
anisotropy. 

Although  we  have  not  been  able  to  elucidate  the  mech¬ 


anism  for  the  sharp  peaks  in  the  angular-dependent  MR 
shown  in  Fig.  4(a),  we  can  see  that  there  are  three  fac¬ 
tors  that  are  likely  to  participate  in  this  phenomenon: 
(i)  the  SOC  which  diminishes  some  of  the  peaks  in  the 
SdH  oscillations  for  B  ||  /,  (ii)  the  static  skin  effect  which 
creates  a  conducting  surface  layer,  and  (iii)  the  crossover 
between  classical  and  quantum  transport  regimes.  It  is 
useful  to  note  that  the  sharp  peaks  weaken  only  gradu¬ 
ally  with  increasing  temperature  and  are  still  observable 
at  100  K  [lower  inset  of  Fig.  4(b)],  while  the  SdH  oscilla¬ 
tions  disappear  above  ~20  K  (lower  right  inset  of  Fig.  3); 
this  suggests  that  the  sharp  peak  is  not  directly  related  to 
quantum  oscillations.  We  also  note  that  the  SOC  is  ex¬ 
pected  to  affect  not  only  the  SdH  oscillations  but  also  the 
static  skin  effect  when  the  magnetic  field  is  inclined  from 
the  surface,  because  in  such  a  configuration  the  surface 
reflection  of  an  electrons  necessarily  involves  a  transition 
to  a  different  Landau  leveP®,  and  the  same  selection  rules 
imposed  by  the  SOC  as  those  in  the  SdH  case^^  would 
apply.  We  expect  that  the  anomalous  angular-dependent 
MR  is  a  result  of  an  intricate  interplay  between  the  above 
three  factors. 


IV.  CONCLUSIONS 

In  conclusion,  we  have  observed  sharp  peaks  in  the 
angular-dependent  MR  in  PbS  when  the  magnetic  field  is 
slightly  inclined  from  the  longitudinal  (B  ||  I)  configura¬ 
tion,  which  is  totally  unexpected  for  a  low-carrier-density 
system  with  nearly  spherical  Fermi  surface.  While  the 
mechanism  of  this  peak  is  to  be  elucidated  in  future,  we 
show  that  the  spin-orbit  coupling,  the  static  skin  effect, 
and  the  crossover  between  classical  and  quantum  trans¬ 
port  regimes,  are  all  important  in  the  magnetotransport 
properties  of  PbS.  This  unusual  phenomenon  would  help 
establish  a  general  understanding  of  the  magnetotrans¬ 
port  in  narrow-gap  semiconductors  with  a  strong  SOC, 
which  is  important  in  elucidating  the  transport  proper¬ 
ties  of  topological  insulators. 
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